Although the mammalian urinary tract (UT) is generally held to be soley a transit and storage vehicle for urine made by the kidney, in-vivo data suggests reabsorption of urea and other urine constituents across UT epithelia. To determine if UT tissue concentrations are increased as a result of such reabsorption we measured urea nitrogen and creatinine concentrations and examined for urea transporter B presence in bladder, ureter and other tissues obtained from dogs and rats. Mean urea nitrogen and creatinine concentrations in UT tissues of dogs and rats were 3-7 fold higher than those in serum and comparable to those in renal cortex. In rats subjected to water restriction or water loading urea nitrogen concentrations in bladder tissues fell inversely with the state of hydration, were proportional to urine urea nitrogen concentrations, and were greater than the corresponding serum urea nitrogen concentration in every animal. Immunoblots of rat and dog UT tissues demonstrated the presence of urea transporter-B in homogenates of bladder and ureter and immunocytochemical analysis localized the urea transporter to epithelial cell membranes. These findings are consistent with the notion that urea and creatinine are continuously reabsorbed from the urine across the urothelium, urea in part via the urea transporter-B, and that urine is thus altered in its passage through the urinary tract. Urea reabsorption across UT epithelia may be important during conditions requiring nitrogen conservation and may contribute to pathophysiologic states characterized by high blood UN such as pre-renal azotemia and obstructive uropathy.
INTRODUCTION
The lower urinary tract in fish, amphibians, and reptiles participates in water and solute homeostasis as a consequence of regulated water and solute transport across their respective urinary tract epithelia. In contrast, mammalian urinary tract has long been thought not to participate in water and solute homeostasis, but instead to function soley as a transit and storage site for urine produced by the kidney (5) . However, a number of in-vivo studies have suggested that many urinary constituents including water, urea, and various ions can pass through the epithelial (urothelial) lining under certain circumstances (6, 11, 16, 17, 18, 25) . Levinsky and Berliner reported loss of water, potassium, osmoles and up to 20% of urea from "artificial urine" or urine slowly perfusing dog ureter and bladder (11) . Similar data was obtained by Walser who noted net loss of potassium, creatinine and 7% of urea from urine perfusing ureters over three minute's duration in moderately dehydrated rats (25) . Further, while Parsons and co-workers demonstrated a net urea transport of only 1.2% across stretched rabbit urothelia in Ussing chambers they noted a 21% urea loss from urine over 45 minutes in an in-vivo preparation of rabbit bladder (16) .
The sites and mechanisms underlying and regulating urothelia transport of urea and other substances have only recently begun to be identified. Vectorial transport might occur across the apical cell membrane of the so-called "umbrella" epithelial cells lining the urinary tract lumens or the tight junction between these cells. Although simple diffusion and/or urothelial "leaks" might account for some transurothelial transport, epithelial cell transporters and channels have recently been described in urothelia. Several workers have demonstrated the existence of the aldosterone-responsive, amiloride-sensitive epithelial sodium channel (ENaC) in the urothelia of High Urea 4 rats and rabbits, and localized it to epithelial cell cytoplasm and membranes (reviewed in 13, 20) .
Further, Spector and co-workers have recently reported the presence of both aquaporins-1-3 (21) and the urea transporter B (UT-B) in rat urothelia (22) . UT-B was localized (by immunocytochemistry) to epithelial cell cytoplasm and to all epithelial cell membranes except the apical lumenal membrane (22) . Urea transporter-B thus seems ideally situated to facilitate movement of urea from the "umbrella cells" lining the UT lumen through the deeper layers of epithelial cells and then (down the steep gradient) to the underlying capillary network. If this hypothesis is true, urea (and presumably creatinine) traversing the apical membrane and intransit through the epithelial cell layers would presumably result in concentrations in urinary tract tissue that are higher than other body tissues. Herein we describe for the first time tissue concentrations of urea nitrogen and creatinine in lower urinary tract in both rats and dogs, the effect of hydration status on urea nitrogen concentrations in these same tissues, and the presence and localization of the facultative urea transporter UT-B in dog UT tissues.
MATERIAL AND METHODS:
All research reported herein adheres to Guiding Principles in the Care and Use of Animals, and was approved by The Johns Hopkins University Animal Care and Use Committee.
RAT EXPERIMENTS:
Female Wistar rats (Harlan, Indianapolis, IN) weighing ~215 grams were maintained on an ad libitum intake of chow (Quality Lab Products) containing 14% protein.
DIETS and RESULTING URINE CHARACTERISTICS:
Before experimental procedures, rats were placed in metabolic cages, maintained on ad libitum standard chow and assigned to one of three treatment groups. 1) ad libitum water intake (N=18): (urine volume averaged 9.2 ml/day and urine osmolality averaged 1,458 mosmol/ kgH 2 0). 2) 48 hour water restriction (N=17) accomplished by complete withdrawal of drinking water (urine volume averaged 4.0 ml/day and urine osmolality averaged 3,263 mosmol/kgH 2 0.); 2) 48 hour water loading (N=14), provoked by allowing rats 5% sucrose and water as the sole drinking fluid (urine volume averaged 68.4 ml/day and urine osmolality averaged 198 mosmol/ kgH 2 0.). Urine collections were obtained during the 24 hours immediately preceding tissue collection.
PROCEDURE FOR OBTAINING RAT TISSUE SAMPLES:
Rats were anesthetized with intraperitoneal Inactin and a midline abdominal incision was made. Blood samples were obtained for determination of serum urea and creatinine. Bladder, kidneys, and quadriceps muscle tissue (to act as a "control" tissue) were removed from each rat. In some rats pieces of stomach, small and large intestine and other tissues were obtained. To remove residual urine from the luminal surface bladders were opened longitudinally, immediately paper blotted then rinsed (with 0.1 ml of sodium chloride solution (150 mmol/L)) and blotted three times. All tissues were weighed and then homogenized using fifty strokes of a hand homogenizer (VWR Micro Tissue Grinder). 200 microliters of 150 mmol/L sodium chloride solution was then pipetted into the homogenizer and the tissue further homogenized with fifty strokes. The homogenized samples were transferred to a microcentrifuge tube, spun at 14,000 rpm for ten minutes, and the supernatant used for analysis of urea nitrogen and creatinine concentrations.
Tissues were similary obtained from an additional twelve rats (four each: ad lib, water-loaded, water-deprived) for subsequent desiccation for determinations of percent water content (see below).
DOG EXPERIMENTS:
Dogs were six healthy male beagle dogs and one male mixed breed/beagle weighing 18-35 lbs maintained on ad lib water and standard dog chow until the day of experimental procedure.
PROCEDURE FOR OBTAINING DOG TISSUE SAMPLES:
Dogs were anesthetized with gas anesthesia and monitored with EKG and pulse oxymetry. An intravenous solution of lactated ringers solution was infused (infusion rate varied) producing a mild diuresis. After bone marrow aspirations were obtained (for a different research protocol) a peripheral blood sample was obtained for analysis of urea nitrogen and creatinine and animals euthanized with pentobarbitol. Immediately upon death, midline abdominal and skin incisions were made and urine was obtained by needle puncture of the bladder. Bladder, ureteral, renal cortical, and quadriceps muscle tissues were obtained within two to three minutes. Tissues were blotted, rinsed and homogenized identically to rat tissues for purposes of measuring urea nitrogen and creatinine concentrations. Additional pieces of dog bladder were divided into two sections by cutting the mucosal surface away from the muscle and serosal layer using a scissors, and each piece (mucosal and muscularis/serosal) separately processed and analyzed for urea nitrogen and creatinine. Additional pieces of all dog tissues were obtained for subsequent desiccation for determination of percent water content (see below). 
PROCEDURE FOR IMMUNOBLOTTING:
These methodologies were similar to methodologies previously reported (22) . For rat studies, animals were anesthetized with intraperitoneal Inactin, a midline abdominal incision made, and ureters and bladders rapidly removed, minced, and placed into an ice-cold isolation buffer solution composed of 250 mM sucrose and 10 mM triethanolamine adjusted to pH 7.6 with 1 N HCL. The solution contained the protease inhibitors leupeptin (1 µg/ml) and phenylmethylsulfonyl fluoride (0.1 mg/ml). For dog studies, portions of dog bladder and ureter were taken with 2-3 minutes of euthanasia and dog tissues prepared as above for rat tissues.
All minced tissues were homogenized in ice-cold isolation solution using a Tissumizer homogenizer (Tekmar, Cincinnati, OH). Tissues were homogenized with five bursts of five strokes of a microsaw tooth generator. Homogenates were centrifuged at 4 o C at 3,000 g for 10 min to separate incompletely homogenized tissue. Aliquots of the supernatant were obtained for measurement of total protein concentration using a Pierce bicinchoninic acid protein assay reagent kit (Pierce, Rockford, IL). A quantity of 5X Laemmli buffer was added to the remainder of the supernatant in a ratio of one part buffer to four parts homogenate, and samples were then heated to 60 o C for 15 min to solubilize proteins, aliquoted, and stored at -80 o C until analyzed.
ANTIBODIES:
The affinity-purified polyclonal antibody to UT-B was raised in rabbits to a HPLC-purified synthetic peptide corresponding to the COOH-terminal 19 amino acids of hUT-B1 and has been extensively characterized (22) . The UT-B antibody was a generous gift from Dr. J.M. Sands (Atlanta, GA).
ELECTROPHORESIS and IMMUNOBLOTTING OF MEMBRANES: SDS-PAGE was
carried out on minigels of 10% polyacrylamide. The proteins were transferred to nitrocellulose membranes electrophoretically. After the membranes were blocked with 5% nonfat dry mild in phosphate buffer solution, the primary antibody was applied overnight, usually at a 1:3,000 dilution of antibody in phosphate buffer solution containing 0.2% bovine serum albumin. The blots were exposed for 1 hour to secondary antibody (donkey anti-rabbit immunoglobin G conjugated with horseradish peroxidase, Amersham Pharmacia Biotech). Blots were developed with enhanced chemiluminescence agents (Amersham Pharmacia Biotech) before exposure to Xray film to visualize sites of antigen antibody reaction. Controls were carried out using antibody preabsorbed overnight with the immunizing peptide. were immunolocalized on 8-µm frozen sections as previously described (22) . Sections were incubated overnight at 4 o C with primary antibodies diluted to 10 µl/ml. Secondary antibodies were species-specific goat anti-rabbit antibodies (Jackson Immunoresearch Labs, West Grove, PA) coupled to Alexa 488 and Alexa 568, respectively (Molecular Probes, Eugene, OR). Tissues thus treated were examined using standard immunofluorescent and confocal microscopy.
PROCEDURES FOR IMMUNOCYTOCHEMISTRY:
Controls were carried out using antibody preabsorbed overnight with the immunizing peptide. 
STATISTICS:

RESULTS
Characteristics of the ad-lib water, water restricted, and water-loaded groups of rats. As expected 24 hour urine volumes were greater, and urine osmolality and serum urea nitrogen concentrations significantly less in water-loaded rats than in ad lib animals, as shown in Table 1. 24 hour urine volumes were less, and urine osmolality and serum urea nitrogen concentrations were higher in water-restricted than in ad lib animals. Water content of rat muscle, bladder and renal cortex and medulla tissues, expressed as percent of wet tissue weight, for each hydration status group is shown in Table II . Tissues of water restricted rats tended to have slightly less water content than ad lib and water-loaded rats. Our values for percent water in rat renal tissues are similar to those of Valtin (24) who calculated values in rat papilla of 80% in ad lib rats and 83% in dehydrated rats and in renal cortex of 75% in ad lib rats and 76% in dehydrated rats.
Urea nitrogen concentrations in rat tissues. Results of urea nitrogen concentrations in serum,
and homogenates of quadriceps muscle, bladder, and renal cortex in individual rats receiving ad lib diet are shown in Figure 1A , and in urine and inner medulla (on different scale) in Figure 1B . quadriceps muscle tissues and urine are shown in Figure 2 . As in rats, concentrations of urea nitrogen are expressed as mg/dl tissue water in bladder, ureters, muscle and renal cortex tissues.
Urea nitrogen concentrations in serum and quadriceps muscle were similar and in every dog were lower than values in corresponding bladder, ureter and renal cortex tissues. Urea nitrogen concentrations in bladder walls that were split into epithelial (mucosal) and muscularis (serosal)
halves (additional pieces of the same bladders in which whole bladder urea nitrogen were measured) are also shown. In each dog the epithelial half of the split bladder wall had higher urea nitrogen concentrations than the muscularis half (connecting lines Effection of hydration status on urea nitrogen concentrations in rat tissues. Creatinine concentrations in rat and dog tissues. Table 4 shows mean concentrations of creatinine in serum, urine, and tissue homogenates in groups of rats in different states of hydration (A) and in dogs on ad-lib diet (B).
In both rats and dogs creatinine concentrations in quadriceps muscle were higher (as expectedsince creatinine is a product of metabolism in muscle tissues) than those in serum for every animal. In both rats and dogs bladder and ureter tissue homogenates had approximately two-fold higher creatinine concentrations than quadriceps muscle tissue, four fold higher concentrations than other tissues containing smooth muscle (colon, small intestine) and 6-7 fold higher concentrations than serum. In dog bladder tissues the epithelial half (containing no muscle) of split bladders contained higher concentrations of creatinine than the half containing smooth muscle. Light microscopy of both halfs of the split bladders confirmed separation of the epithelial tissue from the smooth muscle tissue.
Immunoblots of bladder and ureter tissues. Immunoblot results for UT-B in homogenates of
bladder and ureter tissues in rats and dogs are shown in Figure 6 . UT-B in tissue containing 
DISCUSSION
Herein we report for the first time concentrations of urea nitrogen and creatinine in mammalian urinary tract (UT) tissues. We found that rat and dog ureter and bladder contain tissue concentrations of urea nitrogen three to fivefold higher than these in serum and other non-renal tissues and comparable to concentrations of urea nitrogen in renal cortex. Further, urea nitrogen concentrations in rat bladder tissue varied with the hydration status of the animal and correlated with both urine and serum urea concentrations. Thus, concentrations of urea nitrogen in bladder homogenates were lowest in water loaded animals, and highest in water restricted animals.
Similarly, concentrations of creatinine in rat and dog bladder were six to seven times those in serum. However, in contrast to urea, creatinine concentrations in rat bladder did not vary with state of hydration. This is likely in part due to background production of creatinine from bladder smooth muscle and possibly due to lack of a (known) creatinine transporter analogous to UT-B.
Since it has long been held that mammalian urinary tract function is soley for transit and storage (5) , and since recent in-vitro studies have showed extremely low urothelial permeability to urea (as well as other substances) (3, 14) these results are surprising. However, a number of factors including long urine -epithelia contact time and increased hydrostatic pressures during peristatsis and bladder filling might promote vectoral transport, and in-vivo studies have shown that urea (and other substances) concentrations fell in urine or artificial urine perfusing renal pelvis, ureter, and bladder lumens (11, 19, 25) . In those studies urea must have been reabsorbed into surrounding urinary tract tissues -thereby raising ambient tissue concentrations. Such considerations, along with the finding of high levels of the organic osmolytes inositol, glyanophosphocholine, sorbitol, and betaine in epithelium and muscle of rabbit and rat urinary bladder (levels which rose in dehydrated animals) led Kwon and co-workers to predict high levels of osmolality and urea in these tissues (10) and to posit that the "compatible" organic osmolytes would help maintain cell volume in the setting of high osmolality without disturbing normal intracellular ion concentrations.
It seems likely that the source of urea and most of the creatinine in bladder and ureteral tissues comes from lumenal urine. In fact in our rats in various states of hydration the concentration of the urea in rat bladder tissues was shown to correlate with urine urea concentrations -which were always much higher than urinary tract tissue concentrations. Further, our data in dogs
shows that the epithelial half of split bladders contains higher urea and creatinine concentrations than the muscularis half -supporting the notion that the source of urea and creatinine in urinary tract tissues is from urine bathing the apical membrane surface of the epithelial cells. If so, it would seem probable that within bladder tissue urea and creatinine concentrations would be highest in epithelial cells, although we have no data to confirm this.
The exact site(s) and mechanism(s) whereby urea and creatinine might traverse the epithelial cell barrier(s) under physiologic conditions are unknown. The permeability barriers to water and solute transport across the epithelial cell layer include the apical membranes of the large epithelial "umbrella" cells lining the lumen, tight junctions between the epithelial cells, and the glycosaminoglycan layer which lines the umbrella cell apical surface (8, 13) . Despite these barriers urea and other solutes could theoretically traverse the epithelia apical membrane or tight junction by simple diffusion down the steep urine-blood gradient or by "leak" across naturally occurring discontinuities or breaks in the permeability barrier(s) as a result, for example, of epithelial cell sloughing, and even by accompanying endocytosis of vesicles of apical membrane which occurs during both bladder contraction after voiding and during expansion and stretching of the bladder as urine accumulates (23) . Finally it is possible that apical membrane channels and transporters might, under certain circumstances (potentially including physiologically induced alteration of barrier(s) function), play a role in specific, regulated, solute transport. This is apparently the case for sodium, which is reabsorbed via ENaC transporters located on the apical membrane of the umbrella cells (13) . While electrophysiologic studies suggest the presence of other pathways for movement of both sodium and potassium across the apical epithelial membrane (13) Our finding that urea and creatinine are present in high concentrations in urinary tract tissues adds to evidence suggesting that urine exiting the renal collecting ducts is modified as it transits the urinary tract. Bodil Schmidt Nielson suggested a role for the renal pelvis in the modification of urinary concentration and composition (19) and others have suggested the same for ureter (25) and bladder (11) . The most obvious example of urinary tract modification of urine is in hibernating bears which daily reabsorb their entire urine production including urea through their urinary tract (15) . Although such reabsorption of urine is critical to survival in hibernating bears ("prerenal azotemia"). In these conditions, elevation of urea is out of proportion to the reduction in glomerular filtration rate and the rise in serum creatinine. Although urea elevation in pre-renal azotemia has been attributed to both increased collecting duct reabsorption of urea and to increased urea production (9) our data is consistent with a role for increased urothelial urea reabsorption, as well.
Finally, our data suggests that estimates of glomerular filtration rate using urea and creatinine clearances might underestimate renal clearance values because of urothelial reabsorption of both substances. Errors in estimation of GFR would presumably be minimized either by testing in the setting of high urine flow rates or minimizing urine contract with urothelia by use of bladder catheterization.
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FIGURE LEGENDS Figure 1:
Urea nitrogen concentration in serum and urine (mg/dl), and quadriceps muscle, bladder, renal cortex and inner medulla (mg/dl tissue water) in individual rats on ad lib diet. Note differences in scale for Figure 1 -A (serum, muscle, bladder, renal cortex) and Figure 1 -B (urine and renal inner medulla).
Figure 2:
Urea nitrogen concentrations in serum and urine (mg/dl), and quadriceps muscle, whole bladder, epithelial (mucosal) half of split bladders, muscularis (serosal) half of split bladders, ureters, and renal cortex (mg/dl tissue water) in individual dogs on ad lib diet undergoing mild acute diuresis. The lines connect the respective split bladder halves. Note differences in scale for Figure 2A (all tissues except urine) and Figure 2 -B (urine). . UT-B is strongly localized to epithelia cells, and to a lessor extent in blood vessels (arrowheads). As shown in high power confocal microscopy of bladder (E) and ureter (F), UT-B antibody (green stain) strongly labeled epithelial cell membranes except the apical membrane of the umbrella cells (arrows). As previously noticed in rat tissue a fainter signal was also present in a sub epithelial (S-E) layer comprised of small cells in bladder but not ureter, and in small blood vessels (arrowheads) subserving the epithelial cells.
Epithelial cell membranes are co-labeled with Aquaporin-3 antibody (red stain) to demonstrate the basal cell layer of the epithelial cell. 
